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Infofusion, Systems Biology Research Centre, School of Life Sciences, University of Sko¨vde, Sko¨vde, SwedenABSTRACT T cells continuously search for antigenic peptides presented on major histocompatibility complexes expressed on
nearly all nucleated cells. Because only a few antigenic peptides are presented in a sea of thousands of self-peptides, the T cells
have a critical task in discriminating between self- and nonself-peptides. This search process for antigens must be performed
with sufficient speed in order to induce a fast response against invading pathogens. This study presents a mathematical frame-
work for analyzing the scanning process of peptides. The framework includes analytic expressions for calculating the sampling
rate as well as continuous-systems- and stochastic-agent-based models. The results show that the scanning of self-peptides is
a very fast process due to fast off-rates. The simulations also predict the existence of an optimal sampling rate for a certain range
of on-rates based on the recently proposed confinement time model. Calculations reveal that most of the self-peptides located
within a microdomain are scanned within just a few seconds, and that the T cell receptors have kinetics for self-peptides, facil-
itating fast scanning. The derived mathematical expressions within this study provide conceptual calculations for further inves-
tigations of how the T cell discriminates between self- and nonself-peptides.INTRODUCTIONT cell activation is crucial for the development of specific
immune responses against pathogens. The activation of
T cells is mediated by their specific T cell receptor (TCR)
binding to antigen peptides displayed by major histocom-
patibility complexes (MHC). Class I MHC molecules are
expressed on nearly all nucleated cells, whereas class II
molecules are expressed mainly on antigen-presenting cells
(APCs). Most of the peptide MHC (pMHC) complexes
display self-peptides where the majority of these are null
peptides that do not induce a T cell response (1). Most of
the null peptides are derived from abundant housekeeping
proteins and a few of these peptides are present at 10,000
copies per cell (1). The relatively low number of distinct
self-peptides has suggested that such abundant self-peptides
are shared among different TCRs (1). During the T cell
development in the thymus, T cells must be able bind self-
peptides with at least some affinity in order to receive
survival signals for further development (2). Peripheral
T cells have a critical task in discriminating between self-
and nonself-peptides because a T cell response against
self-peptides may result in autoimmune diseases. A T cell
scans the surface of an APC within 1–5 min for its search
of agonist peptides that can trigger the T cell (3,4). The
scanning process of the APC surface by T cells is initiated
by bonds between adhesion molecules, forming a close
contact between the interacting cells. Such cellular contact
facilitates sampling of pMHC molecules by the TCRs.
The sampling process is extremely sensitive where only
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0006-3495/10/11/2717/9 $2.00of self-pMHCmolecules, have been shown to induce a T cell
response (5,6). Once a T cell manages to recognize an
agonist peptide it forms the characteristic immunological
synapse, which stops further migration (7) and triggers
a cascade of activation signaling events within the T cell.
Most data support the concept that the discrimination
between agonist and nonagonist peptides is determined by
the strength of their interaction with the TCRs (8–15).
McKeithan (9) proposed the kinetic proofreading model
15 years ago, which suggests that the lifetime of TCR-
pMHC complexes must be long enough to provide a series
of biochemical processes to occur in order to reach a stage
for the initial T cell activation. Mathematical models based
on experimental observations that both negative and positive
feedback loops are involved during the TCR signaling
processes have refined the original kinetic proofreading
model (10–14). Such feedback mechanisms have shown to
generate a sharp discrimination based on the mean lifetime
of the TCR-pMHC complexes. A study by Feinerman et al.
(15) showed that a mean lifetime <2 s of the TCR-pMHC
complexes fail to induce T cell activation irrespective of
number of ligands. The observation that just a few agonist
pMHC molecules are able to trigger a T cell response
have suggested that agonist pMHC may serially engage
many TCRs. Wofsy et al. (16) derived an analytic expres-
sion for serial engagement of agonist peptides. They calcu-
lated, based on kinetics of one particular agonist peptide,
that the rate of TCR encounters per pMHC was ~0.05/s,
corresponding to five hits for a period of 100 s. The hitting
rate is highly dependent on the association rate (kon), the
dissociation rate (koff), and the TCR density. By combining
kinetic proofreading with serial engagement of a few
agonist pMHC molecules, Coombs et al. (17) found an
optimal lifetime of the TCR-pMHC complexes that shoulddoi: 10.1016/j.bpj.2010.08.024
2718 Janssongenerate the most efficient T cell activation. If the lifetime is
too short, the pMHCmolecules fail to engage the TCRs long
enough to proceed through the proofreading steps, whereas
a too long lifetime fails to serially engage many TCRs. The
observation of an optimal lifetime has been seen in some
experimental systems (18), whereas other experiments are
inconsistent with this theory (19). A recent report by Aleksic
et al. (20) has proposed that the on-rates also have a critical
role in T cell activation. They fitted different kinetic models
to measures of pMHC potency as a function of cognate
pMHC variants and found that their confinement-time
model explained the data more accurately than traditional
models including only koff or the dissociation constant
(Kd). The confinement time model includes the possibility
that a TCR is able to rebind to the same pMHC molecule,
where the confinement time is the total time an individual
TCR spends together with the same pMHC before the mole-
cules diffuse apart. If the association of the molecules is fast
relative to their diffusion rate, rebinding is likely to occur.
The role of this rebinding mechanism has been suggested
to be fast enough to sustain the current proofreading step
and allow the TCRs to proceed through the subsequent acti-
vation steps (21,22).
Whereas most mathematical models have been applied
for understanding T cell discrimination and T cell signaling,
very little is known about the search process for agonist
peptides. Recognition of self-pMHC is necessary for
survival of peripheral naı¨ve T cells, which means that scan-
ning of APCs is not just a process for finding agonist pMHC
but also provides survival signals for the T cells (23,24).
Given that a T cell only spends a few minutes on each
APC, it is likely that the T cell has evolved to maximize
its sampling rate of pMHC molecules during its scanning.
In this study, mathematical expressions are derived for
calculating the sampling rate of a single TCR. However,
the sampling process is complicated because TCRs may
bind already sampled pMHC as well as involve fast rebind-
ing as proposed by the confinement time model. Therefore,
a mathematical framework is also derived for calculating the
unsampled pMHC molecules over time with both contin-
uous and stochastic models.METHODS
All numerical calculations were done by using MATLAB 7.0 (The Math-
Works, Natick, MA).RESULTS
The derived models are used to analyze the sampling of
abundant self-pMHC molecules by TCRs during the time
a T cell is scanning the surface of the APC. The pMHC
molecules are assumed to be located within microdomains
at the membrane of the APC. Such microdomains restrict
the movement of molecules to short distances by corralsBiophysical Journal 99(9) 2717–2725within the membrane (25–27), which has previously been
applied for modeling molecular interactions within the
immunological synapse (28). Wild-type class I MHC mole-
cules exhibit a barrier-free path of ~600 nm, which is some-
what larger for cytoplasmatically truncated mutant class I
MHC molecules, indicating that the effect is due to physio-
logical barriers located close to the inner leaflet of the
membrane (25,29). The size of the contact region between
the T cell and the APC has been estimated to 8 mm2 (4),
and several microdomains with a size of ~0.5 mm2 are
assumed to be covered by this region. The pMHC molecules
are assumed to be randomly distributed and free to diffuse
within the microdomains. In addition, only monomeric
TCR interactions can take place during the scanning, which
ignores the possible impact of coreceptors. The sampling
time of one cycle of a single TCR is the sum of the mean
time it takes for an unbound TCR to find and bind to
a pMHC molecule, 1=ðkonMtotÞ, and the mean lifetime of
the formed complex, 1/koff , where konand koff is the associ-
ation and dissociation rate, respectively, andMtot is the total
density of pMHC molecules. Note that konis the two-dimen-
sional rate constant, which can be derived from three-
dimensional solution on-rates with the formula (30)
Kd;3D ¼ Kd;2Ds; (1)
where s is the confinement length towhich the ligand binding
sites of the two molecules are restricted. A confinement
length of 0.262 nm has been estimated for TCR-pMHC inter-
actions based on two-dimensional data (21,22). The sampling
rate of a single TCR can be approximated by
1
1=ðkonMtotÞ þ 1=koff
¼ koff KMtot
1 þ KMtot
¼ konMtot
1 þ KMtot
;
(2)
where K is the two-dimensional association constant
(kon=koff). A similar expression has already been obtained
by Wofsy et al. (16) for calculating the hitting rate per
pMHC, whereas Eq. 2 describes the sampling rate per
TCR. This expression assumes that the number of TCRs is
much lower than the available pMHC because the number
of free pMHC molecules is constant. When KMtot >> 1,
the time to find and ligate to a pMHC is relatively short and
the sampling rate is mainly determined by the dissociation
rate koff. Assuming that the scanning process primarily
involves TCR sampling of self-peptides, such peptides
have been reported to dissociate fast from TCRs with koff
values > 0.5/s (mean lifetime < 2 s). The konvalues for
altered peptides have been observed in the range of
0.005–2 mm2/s and the density of pMHC has been estimated
to span in the range of 50–500 molecules/mm2 (21,31). Illus-
trating the sampling rate as a function of konvalues show that
this rate is close to koff for kon values > 1 mm
2/s when the
density of pMHC is ~300 molecules/mm2 (Fig. 1 A).
However, the expression derived for the sampling rate
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FIGURE 1 (A) Sampling rate as a function
of konvalues calculated with one TCR and
300 pMHC molecules/mm2. (Inset) Effect of
different densities of pMHC molecules. (B and C)
Fraction unsampled pMHC molecules within a mi-
crodomain as a function of time (Mtot ¼ 300 mole-
cules/mm2; kon¼ 0.01 mm2/s) simulated with one
TCR/mm2 (B) or with 100 TCRs/mm2 (C). Contin-
uous model simulations (solid lines) are compared
with one stochastic simulation (dashed lines) with
the corresponding parameter values. (Insets) Time
at which unsampled pMHC molecules bind to
a TCR from one representative stochastic simula-
tion.
Peptide Scanning 2719(Eq. 2) does not exclude rebinding of already sampled pMHC
molecules. The probability of sampling new pMHC mole-
cules is likely to decrease over time, because fewer
unsampled pMHC molecules are available. Assuming that
the same pMHCmolecules staywithin themodeledmicrodo-
main during the sampling process, the fraction of unsampled
pMHCmolecules over time per TCR can be approximated by
egt=Mtot ; (3)
where
g ¼ konMtot
1 þ KMtot
and t is the sampling time, which corresponds to the time
a T cell is in contact with a particular microdomain during
its scanning of an APC. To analyze stochastically the scan-
ning process at a single molecular level, continuous-time
Markov-chain simulations are performed for the model
T þ M#kon
koff
C;
where T and M represent the number of TCR and pMHC
molecules, respectively, and C is the number of formed
complexes within the microdomain. The expected time
(tnext) when the next reaction will occur is computed accord-
ing to the Gillespie algorithm (32)
tnext ¼ 1
s
lnðr1Þ;
where s is the sumof the individual propensities (konMtotTand
koffC), and r1 is a uniform random variable on [0,1]. A secondrandomnumber r2 uniformly distributed on [0,1] is computed
to decidewhich type of reaction that occurred at tþ tnext. The
pMHC molecules are modeled as discrete agents that are
stored in a vector M ¼ {M1,M2,.,Mn} as binary numbers
where 0 and 1 define unbound and bound pMHC, respec-
tively. Only one reaction can take place at t þ tnext, and if
association has occurred, an unbound pMHC molecule is
randomly selected to be bound, or if dissociation has
occurred, a randomly bound pMHC molecule is selected to
dissociate. This approach provides amethod for investigating
the number of bounds each pMHCmolecule has experienced
during the simulation time. The result from one such
stochastic simulation is shown along with the analytic
expression (Eq. 3) for calculating the fraction of unsampled
pMHC molecules over time (Fig. 1 B). The analytic expres-
sion and the stochastic simulations show that the time for
a single TCR to scan ~300 unique pMHC molecules re-
quires >1000 s for koff values < 2/s. The inset in Fig. 1 B
shows the time at which unsampled pMHC molecules binds
to a TCR from one representative stochastic simulation. To
remove the restriction of the analytic expression (Eq. 3) in
which the density of the TCRs must be relatively small
compared to the pMHC density, the following ordinary
differential equations (ODEs) are derived as
dMB
dt
¼ koffC konMBðTtot  CÞ; (4)
dC
dt
¼ konðMtot  ðMB þ CÞÞðTtot  CÞ þ konMBðTtot  CÞ
 koffC;
(5)Biophysical Journal 99(9) 2717–2725
AC
B
FIGURE 2 Fraction of sampled pMHC mole-
cules within a microdomain after t seconds as
a function of konvalues, with Ttot ¼ 100 andMtot ¼
300 molecules/mm2. (A) Simulation obtained with
the ODE system (Eqs. 4 And 5) with different
scan time values (t ¼ 5–100 s) at a koff value of
0.5/s. (B) Mean values of the corresponding
stochastic simulation as in panel A, where the error
bars represent the standard deviation from 50
repeats. (C) The effect of koff values is shown with
a scan time of 5 s.
2720 Janssonwhere Ttot and Mtot represent the total density of TCR and
pMHC molecules, respectively. The pMHC molecules are
modeled as two separate variables, which describes the
rate of change of the density of sampled (MB) and un-
sampled (Mtot – (MB þ C)) pMHC molecules. The density
of TCR molecules on the surface of a T cell has previously
been estimated as 100 molecules/mm2 (21). Simulating the
obtained ODE system (Eqs. 4 and 5) with 100 TCRs/mm2
and with the initial conditions, MB(0) ¼ C(0) ¼ 0, shows
that the time to scan most of the pMHC molecules within
the microdomain is reduced to <20 s for koff values >1/s
(Fig. 1 C). An interesting observation is that a large fraction
of the pMHC molecules are scanned within just a few
seconds at the time the microdomain on the APC is in
contact with the membrane of the T cell. This fast sampling
is also somewhat independent of the off-rate. This is due to
the large number of free TCR molecules directly ligating
with unsampled pMHC molecules. A slow dissociation
rate makes sure that bound pMHC molecules are not
released during the initial scanning process, which provides
only unsampled pMHC molecules for the TCRs. For koff
values >5/s, >95% of the pMHC molecules are scanned
within just 5 s, which indicate that T cells have an extremely
efficient scanning capacity.Effect of parameters controlling the scanning
process
The following section analyzes the parametric effects on the
scanning process with the ODE model and with the Gilles-
pie algorithm. The simulations are performed by calculatingBiophysical Journal 99(9) 2717–2725the fraction of sampled pMHC molecules within the micro-
domain during the simulated scan time (t) as a function of
konvalues. The simulations by the Gillespie algorithm are
illustrated by the mean values of 50 repeats, which corre-
spond to the simulations obtained by the ODE system
(Fig. 2, A and B). The results show that the fraction of
sampled pMHC molecules is highly dependent on the scan
time of the microdomain. If the microdomain is scanned
5 s, only 80% of the pMHC molecules are sampled even
at very fast on-rates (Fig. 2, A and B). These simulations
are performed with a koff value of 0.5/s, corresponding to
a mean lifetime of 2 s. Thus, under these conditions when
the scan time is close to the mean lifetime of the complexes,
a significant fraction of the pMHC molecules are not
scanned. This can be restored with koff values >0.5/s
(Fig. 2 C). Assuming that the scan time is short at ~5 s,
the mean lifetime of the complexes must be as short as
0.2 s (koff ¼ 5/s) with kon values >0.01 mm2/s in order to
allow that most of the pMHC molecules are scanned during
the contact between a T cell and an APC (Fig. 2 C).
The scanning efficiency can be improved if the density of
the two molecules is increased. If both molecules are
increased fivefold, the same scanning efficiency is obtained
with a fivefold lower association rate (Fig. 3A). The opposite
result is obtained if these densities are reduced fivefold.
Varying the density of only the TCRs shows a highly efficient
sampling of the pMHC molecules when the TCR density
exceeds the density of the pMHC molecules (Fig. 3 B). If
the TCR density is >400 molecules/mm2 on the T cell, the
cell essentially samples all pMHCmolecules within a micro-
domain for kon values >0.01 mm
2/s within just 5 s.
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FIGURE 3 Fraction of sampled pMHC mole-
cules within a microdomain after 5 s (t ¼ 5 s) as
a function of konvalues, with a koff value of 5/s is
calculated with the ODE system (Eqs. 4 And 5).
(A) Effect of different densities of both the interact-
ing molecules. (B) The effect of changing only the
TCR density.
Peptide Scanning 2721The confinement time model
The confinement time model proposed by Aleksic et al. (20)
suggests that the same pairs of ligands may rebind before
diffusing apart. To test whether such effect may have an
impact on the sampling rate, a framework for both stochastic
and deterministic simulations is derived. The confinement
time model assumes that the interacting molecules must first
come together at close proximity (B) before they can form
complex (C),
T þ M#kþ
k
B#
kon
koff
C;
where kþ is the diffusion-limited on-rate (in units of mm
2/s),which can be calculated according to Bell (30)
kþ ¼ 2pðDT þ DMÞ; (6)
where DT and DM are the diffusion coefficients for TCRs
and pMHC molecules, respectively. The rate at which the
molecules diffuse apart when they are in physical proximity
for association is
k ¼ kþ
ps2
; (7)
where s is the encounter distance (radius of the receptors),
which has previously been estimated to be 0.005 mm for
TCR molecules (20). The intrinsic association rate (k

on) is
now in first order (s1) where
k

on ¼
kon
ps2
: (8)
By making the steady-state approximation of the encounter
complexes (dB/dt ¼ 0), the effective forward (kf ) and
reverse (kr) rate constant are given by (30)
kf ¼ kþ k

on
k

on þ k
; (9)
kr ¼ kkoff
k

on þ k
: (10)
The sampling time of one cycle of a single TCR is the sum of
the effective mean time it takes for the free TCR to diffusewithin close proximity and bind the pMHC molecule,
1=ðkfMtotÞ, and the mean effective lifetime of the resulting
complex is 1/kr. The sampling rate is thereby approximated by
1
1=

kfMtot
 þ 1=kr
¼ kr KpMtot
1 þ KpMtot
¼ kfMtot
1 þ KpMtot
; (11)
whereKpis the effective two-dimensional association constant
(kf=kr). Note that Eq. 11 excludes the rebinding of molecular
pairs from the sampling rate. Analyzing the sampling rate as
a function of kon values (by calculating the corresponding
k

on using Eq. 8) shows that the effective sampling rate
decreases for high konvalues and that the maximum sampling
rate is obtained for a given on-rate at different pMHCdensities
(Fig. 4 A). The fraction of unsampled pMHC molecules over
time per TCR is approximately
edt=Mtot ; (12)
where
d ¼ kfMtot
1 þ KpMtot
:
This expression assumes that the pMHC molecules stay
within the microdomain during the scanning and that the
density of the TCRs is relatively low compared to the
pMHC density. In addition, to allow calculation of any given
density of the interacting molecules, the following ODE
system is derived,
dMB
dt
¼ kþ ðTtot  ðBU þ BB þ CÞÞMB þ kBB; (13)
dBU
dt
¼ kþ ðTtot  ðBU þ BB þ CÞÞðMtot  ðMB þ BU
þ BB þ CÞÞkBUkonBU;
(14)
dBB
dt
¼ kþ ðTtot  ðBU þ BB þ CÞÞMB  kBB  konBB
þ koffC;
(15)Biophysical Journal 99(9) 2717–2725
A B
C D
FIGURE 4 Results obtained with the confine-
ment time model. (A) Calculations of the sampling
rate of the analytic expression (Eq. 11) as a function
of konvalues with different off-rates at a density of
300 pMHC molecules/mm2. (Inset) Effect of
different densities of pMHC molecules. (B–D)
Simulations obtained with the ODE system
(Eqs. 13–16) where the fraction of sampled
pMHC within a microdomain as a function of
konvalues is shown (Ttot ¼ 100; Mtot ¼ 300 mole-
cules/mm2; DT ¼ 0.1; DM ¼ 0.05 mm2/s). Effect of
scan time (B) and koff values with a scan time of
20 s (C) and 5 s (D).
2722 JanssondC  
dt
¼ konBB þ konBU  koffC; (16)
where BU and BB represent unsampled and sampled MHC
molecules, respectively, which are in close proximity to
associate. The confinement time model was also imple-
mented by using the Gillespie algorithm as previously
defined, except that individual pMHC molecules now
includes the intermediate step (B) before association can
occur and that a given TCR may rebind to the same
pMHC before the interacting pairs of molecules diffuse
apart. The mean values from 50 simulations using the Gil-
lespie algorithm are in agreement with the results generated
by the ODE system (Fig. 4, B–D, and Fig. 5) with corre-
sponding parameter values. The ODE system is simulated
for t seconds with the initial conditions
MBð0Þ ¼ BUð0Þ ¼ BBð0Þ ¼ Cð0Þ ¼ 0
and the fraction of sampled pMHC molecules within a mi-
crodomain is calculated as a function of konvalues. Simula-
tions with the confinement time model show that the
scanning efficiency is similar to the results previously
obtained by the simpler model (Eqs. 4 And 5) for kon
values <0.01 mm2/s (Fig. 4).
For very high kon values, the fraction of scanned pMHC is
approaching 33%, which corresponds to the expression level
of TCRs (100 molecules/mm2) relative to the pMHC expres-
sion (300molecules/mm2).Hence, at such high kon values, the
TCRs continuously rebind to the same pMHCmolecules and
the scanning process is severely impaired. Assuming thatBiophysical Journal 99(9) 2717–2725realistic kon values for self-peptides may vary in the range
0.01–1 mm2/s, there are still optimal values for the sampling
efficiency for a specific set of kon values and scan time (t). A
mean lifetime of 2 s of the pMHC-TCR complexes generates
optimal sampling efficiency at a kon of ~0.1 mm
2/s for scan
time<20 s (Fig. 4 B). For a longer scan time of the microdo-
main, the optimal scanning is obtained for awide range of kon
values (Fig. 4 B) as well as when the mean lifetime of the
complexes is set to 0.2 s (Fig. 4 C, koff¼ 5/s). Assuming
that the scan time of the microdomain is fast (t ¼ 5 s), and
that most self-peptides have a fast off-rate (e.g., koff ¼ 5/s),
the optimal scanning efficiency is obtained for kon values in
the range of 0.02–1 mm2/s (Fig. 4 D). These simulations
have been conducted with the experimentally determined
diffusion coefficients of pMHC molecules to ~0.05 mm2/s
and for TCRs to ~0.1 mm2/s (33–35). Decreasing the diffu-
sion coefficients for both molecules 10-fold shows that the
range for optimal scanning is decreased (Fig. 5 A). This is
because a slower diffusion rate, relative to the intrinsic k

on
value, increases the rebinding of the same pMHC and thus
impairs the scanning process.
In contrast, a 10-fold higher diffusion coefficient shows
that very little rebinding to the same pMHC occurs and
that the scanning efficiency is only impaired for kon
values >10 mm2/s. Varying the densities of both sets of
molecules fivefold over a range of different konvalues indi-
cates that the molecular densities only affect the sampling
for low kon values (Fig. 5 B). Changing the density of the
TCRs separately has a dramatic effect on the scanning effi-
ciency (Fig. 5 C). If the density of the pMHC molecules is
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FIGURE 5 Results obtained with the confine-
ment time model (Eqs. 13–16). The simulations
show the fraction of sampled pMHC molecules
within a microdomain as a function of konvalues
(koff ¼ 5/s; DT ¼ 0.1; DM ¼ 0.05 mm2/s; t ¼
5 s). (A) Effect of varying the diffusivities for
TCR and pMHCmolecules 10-fold where D repre-
sents the sum of DT and DM. (B) Results obtained
by varying the densities of both molecules
10-fold. (C) The effect of changing the TCR
density separately.
Peptide Scanning 2723relatively low compared to the TCR density, the rebinding of
the confinement time model has no effect on the sampling
process because the TCRs do not compete for the pMHC
molecules. In contrast, if the density of TCRs is much lower
than the pMHC molecules, the fraction of sampled pMHC
can be extremely low for very high kon values.DISCUSSION
In this study, I have derived analytic expressions, systems of
ODEs, and a stochastic model to analyze the scanning effi-
ciency by T cells. The study also includes expressions based
on the recent finding that a confinement time model of TCR-
pMHC binding properties seems to correlate best with vari-
ations in pMHC activation potency (20,22). The expressions
for the sampling rate are not dependent on the assumption
that pMHC molecules are restricted to diffusing only
a limited distance, whereas the expressions for calculating
the fraction of sampled pMHCmolecules relies on microdo-
mains within the membrane of the APC (25,27). For mole-
cules diffusing freely on the membrane, a completely
different framework for handling such calculations is neces-
sary. Some molecules that diffuse out of the contact region
between the interacting cells may diffuse back or move far
away from this region. To handle such complexity, one
would have to trace each molecule on the entire surface of
the cell to keep track of unsampled and sampled molecules.
Wofsy et al. (16) calculated a minimum mean time for
a TCR within the contact region between the interacting
cells to 100 s. Given that pMHC molecules diffuse slowerthan TCRs, the expected mean time within the contact
region for pMHC molecules should be somewhat larger
than 100 s. The simulations show that a scan time of just
a few seconds is enough to sample most of the pMHC mole-
cules, which suggest that the calculations with low t-values,
within this study, should not differ much even if the mole-
cules are allowed to diffuse freely on the membrane.
The sampling rate of self-peptides is much faster than for
agonist peptides because agonist peptides have, in general,
a much longer lifetime of the formed pMHC-TCR
complexes. Although the sampling rate of self-peptides is
extremely fast, the sampling could theoretically be much
faster with very fast off-rates. However, self-peptides have
a critical role in ligating TCRs to induce survival signals
of the T cells, which must require some sustainability of
the formed pMHC-TCR complex. By maintaining competi-
tion between T cells for scanning APCs and at the same time
to compete to receive survival signals is a possible way for
regulating T cell homeostasis (36). In addition, when T cells
mature in the thymus, they must bind self-ligands with at
least some affinity, in order to receive the survival signals
to pass the positive selection process (2,37). T cells that
bind self-peptides with too-long lifetimes are further elimi-
nated during the negative selection process. Mature T cells
have been observed to ligate self-peptides in the periphery
with a mean lifetime <2 s (15,37). The very low affinities
of self-peptides have complicated kinetic studies of TCR
interactions with such peptides (36). By using engineered
TCRs with high affinity, Persaud et al. (36) have estimated
that TCRs may bind self-peptides in the millimolar affinityBiophysical Journal 99(9) 2717–2725
2724 Janssonrange. Low affinity peptides with no stimulatory effects on
T cells have been experimentally estimated and suggested
to have a mean lifetime in the range of 0.1–2 s
(15,36–39). A single TCR may thereby obtain a maximum
sampling rate of 0.5–10 pMHC molecules per second
(Fig. 1 A and Eq. 2), which corresponds to a T cell sampling
rate of 400–8000 pMHC molecules per second, assuming
a contact area of 8 mm2 (4) containing 800 TCRs. Given
the fact that self-peptides have a slow on-rate (36,38), it is
not likely that rebinding of self-peptides will occur accord-
ing to the confinement time model (Figs. 4 and 5). In addi-
tion, a slow on-rate also prevents the TCRs from reaching
their maximum sampling rate unless there is an extremely
high density of pMHC molecules (Fig. 1 A, inset). However,
a high level of pMHCmolecules relative to the expression of
the TCR impairs efficient scanning of unsampled pMHC
molecules (Figs. 3 B and 5 C). Thus, it is therefore unlikely
that TCRs are sampling self-peptides close to the maximum
rate.
Assuming that most self-peptides have a fast off-rate
(koff: 5/s) and a slow on-rate of 0.005 mm
2/s (corresponding
to a three-dimensional kon rate of ~0.5 mM
1 s1) gives
a three-dimensional Kd value of 10 mM, which is similar
to Kd values that has been estimated for self-ligands
(36,38). Given these rates for the on- and off-rates, a signif-
icant fraction of the pMHC molecules are still scanned
within just 5 s (Figs. 2 C and 4 D), irrespective of whether
the confinement time model or the simpler models is used
(given a density of 100 and 300 molecules/mm2 of TCRs
and pMHC molecules, respectively). The mean T cell
velocity on APCs has been experimentally estimated to
~0.15 mm/s with a contact area between the interacting cells
of 8 mm2 (4,40). Hence, a microdomain on the APC with an
area of ~0.5 mm2 should be scanned for at least 5 s. A recent
report by Huang et al. (39) analyzed two-dimensional off-
rates of TCRs from altered peptides. They found that the
two-dimensional off-rates were much faster than kinetics
analyzed in three dimensions, with koff values ranging
from 1 to 10/s. Such fast off-rates can be comparable to
the ones seen for most cell surface molecules on the
T cell (41). Hence, fast off-rates of molecular interactions
during the T cell scanning mediates fast movement of the
T cell on the APC but at the same time enable efficient
sampling of the pMHC molecules.
In summary, the mathematical framework derived herein
provides a possible way for calculating the sampling rate
and the fraction of sampled pMHC molecules within
a certain time frame for a peptide with known kinetic rate
constants. In addition, the derived mathematical expressions
may be valuable for further modeling of T cell activation
and discrimination.
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